INTRODUCTION
Weep holes are drilled through risers in wet-wing structures in order to permit remanent fuel to be evenly distributed during flight. Unfortunately, they can become the sites from which fatigue cracks tend to originate. Figure 1 shows the schematic diagram of weep holes cut into the vertical risers of an airplane wing used as a fuel tank. The cracks have been found to grow in either the upward or downward or both directions. These fatigue cracks initially grow in a radial direction perpendicular to the wing skin surface. Downward growing cracks can be easily detected using a 45-degree shear wave transducer. The main objective of this study was the development of an ultrasonic detection technique for the less accessible upward growing cracks. The blowup in Figure 1 shows the geometrical configuration of such an upward growing fatigue crack.
In August of 1993, U. S. Air Force Command Chief, Gen. Ronald R. cracking. The weep holes were inspected for the presence of small fatigue cracks using a special eddy current bore-hole transducer. This approach required the tanks to be emptied and purged so that a manual inspection could be done by an operator crawling into the wing.
Ultrasonic techniques have the potential for weephole inspection from the outer skin surface since ultrasonic waves easily penetrate the aluminum wing panels, even through the painted skin. The cylindrical geometry of the weep hole suggests the use of creeping waves to gain access to the hidden upward growing cracks. The shallow depth of penetration makes this technique highly sensitive to small surface-breaking cracks. This concentration of the acoustic energy in a shallow layer below the inside surface of the weep hole (about 0.030 inches at 5 MHz) can be exploited mainly for the early detection of crack initiation. Monitoring the growth of larger cracks will require a different inspection technique.
CIRCUMFERENTIAL CREEPING W A YES
The schematic diagram of shear wave scattering from a cylindrical hole is shown in Figure 2 . The polarity of the shear wave is vertical, i.e., normal to the axis of the hole. The back scattered field from a cylindrical hole has two principal components; the "specular" reflection from the near surface of the hole and the reradiated field of the circumferential "creeping" wave [2] . This circumferential creeping wave is essentially a leaky Rayleigh mode propagating along the concave cylindrical surface of the hole. Because of the curvature of the surface, its phase velocity is slightly lower than that of the true Rayleigh surface mode propagating on the free plane surface of the same solid and it becomes attenuated by leaking energy into the surrounding material [3] . The actual change in velocity is not significant, but the resulting coupling into the bulk mode has two other profound effects on this mode. First, on the positive side, this mode can be easily generated and detected via the mode-coupled shear wave. Second, on the negative side, this mode is strongly attenuated by leaking energy into the solid therefore its propagation length is rather limited, Over a short propagation distance, the positive effects of strong leakage overshadow the negative ones and the best overall sensitivity is achieved at close to maximum leakage. In the case of a 114" -diameter weep hole in aluminum, this condition is reached at around 5 MHz, where the normalized attenuation is approximately 17 dB. In comparison, the additional leaky loss caused by water loading at the same frequency would be 30 dB. Therefore, the wet wing has to be drained and the weep holes have to be dry to allow strong creeping wave propagation around the holes.
There are three major effects which determine the creeping wave transmission and reflection coefficients of a radial fatigue crack. First, the most crucial parameter is the depth of the crack, which has to be at least comparable to the wavelength to assure significant scattering. Second, the crack has to be sufficiently "open" to cause scattering. The crack tip is usually tightly closed by compressive residual stresses caused by plastic deformation during the fracture process, which reduces the effective crack depth and provides a finite interfacial stiffness throughout the loosely connecting middle part of the crack while the crack is typically wide open at the root where the interfacial stiffness is zero. Third, the depth of the crack might vary through the thickness of the riser and, in some extreme cases, comer cracks might also occur. Obviously, less than full penetration of the crack through the wall thickness reduces the reflection and increases the transmission for the creeping wave therefore has an adverse effect on the detectability of the flaw.
The detection sensitivity of the creeping wave inspection can be roughly estimated from predictions for Rayleigh wave scattering on surface breaking cracks. It is well known that the reflection coefficient of a Rayleigh wave from an infinitely deep crack is only approximately 40 %. In other words, even when the crack is very deep and completely open the reflected wave is much weaker than the incident one. For cracks offinite depth, the reflection coefficient is determined by the depth-to-wavelength ratio [4] . The reflection coefficient sharply drops for small crack depths. The detection threshold of20% reflection coefficient (about half of the maximum reflection from a very large crack) is reached around Figure 2 showed the schematic diagram of the conventional pulse-echo creeping wave technique with a 45-degree shear wave wedge transducer. Most of the backscattered signal is due to the front surface backreflection of the central ray. The peripheral rays on both sides mode-convert into Rayleigh-type circumferential creeping waves propagating in opposite (i. e., clockwise and counter-clockwise) directions around the cylindrical hole. The creeping wave is a leaky Rayleigh mode propagating at approximately the shear wave velocity c. The total round-trip time delay of the circumferential creeping wave with respect to the specular reflection from the hole is "t ~ (2 + 1t) R / c. When the creeping wave is scattered by a radial fatigue crack at 12 o'clock, the transmitted signal is strongly attenuated if the depth of the crack is comparable to or larger than the wavelength. The reflected fraction of the counter-clockwise propagating creeping wave returns to the transducer after a reduced round-trip time delay of "t I ~ (2 + 1t /2) R / c ~ 0.7"t.
Naturally, the same happens to the creeping wave propagating in the opposite direction. The reflected fraction of this clockwise propagating creeping wave returns to the transducer after an increased round-trip time delay of "t2 ~ (2 + 31t / 2) R / c ~ 1.3"t. Of course, the second reflected creeping wave signal is much weaker than the first one since its propagation length is three times longer and the attenuation is very high due to the previously mentioned leakage. Figure 3 shows the reflected signal from a 5-mm-diameter weep hole with and without a radial crack at 12 o'clock. A 5 MHz, lI2"-diameter, 45-degree shear wave wedge transducer was used in this experiment. The main problem of conventional creeping wave inspection is the relatively low amplitude of the creeping wave signal with respect to the specular one, which is, of course, not sensitive at all to the radial crack to be detected. The creeping wave pulse is lagging behind the leading specular component by the expected "t ~ 4.2 J..lS and, at the best alignment, its amplitude is roughly 15-20 dB lower. When the creeping wave is scattered by a large (32-mil-deep) EDM notch at the top of the weep hole, the encircling creeping wave is strongly attenuated and there appears an earlier reflected creeping wave signal at the expected time. Unfortunately, the feasibility of this simple creeping wave inspection technique is badly limited by the fact that the useful creeping wave signals often disappear in the noisy tail of the much stronger specular reflection.
In order to overcome this difficulty, we have developed a novel approach based on a split-aperture transducer which assures that the specular and creeping wave components are at least at the same level [5] . Figure 4 shows the schematic diagram of the new splitaperture creeping wave technique with a 45-degree shear wave wedge. By using two smallaperture transducers on the same wedge instead of a single large-aperture transducer, the specular wave is greatly reduced while the creeping wave is actually increased. The optimal transducer separation depends on the actual weep hole diameter. Most of the specular reflection is eliminated since the central ray, which is normally incident at the weep hole's surface. is missing. Another important advantage of the split-aperture creeping wave inspection technique is the option of using both the pulse-echo and pitch-catch modes of operation. In pitch-catch mode, the first transducer (aimed towards the top of the hole) is used as a transmitter while the second one (aimed towards the bottom of the hole) is the receiver. In this way, only counter-clockwise creeping waves are generated and detected. Large, through-wall cracks are easily detected from the significantly reduced creeping wave amplitude. However smaller cracks, especially corner cracks, allow most of the creeping wave to be transmitted and cannot be positively detected from the reduction of the amplitude of the encircling creeping wave alone. In such cases, the detection sensitivity can be greatly increased by switching to pulse-echo mode when the first transducer is used as both transmitter and receiver. In this mode of operation, the system is not sensitive to the transmitted part of the creeping wave but picks up the reflected component. In the presence of a radial crack at the top of the weep hole, the signal jumps ahead and might even increase in amplitude as the mode of operation is switched from pitch-catch to pulse-echo. Figure 5 illustrates the improved sensitivity of the split-aperture creeping wave transducer in both basic modes of operation. 1I4"-diameter weep holes with and without a radial crack were used in this experiment. Two 1I4"-diameter, 5 MHz transducers were mounted on the same 45-degree shear wave wedge at approximately 114" separation. Without the crack, a strong creeping wave was observed in pitch-catch mode, which was roughly the same amplitude as the leading specular reflection. In pulse-echo mode, the creeping wave signal was completely eliminated by a 40-mil-deep EDM notch cut through the wall thickness of the riser at 12 o'clock. In comparison, on a flawless weep hole, the creeping wave had roughly the same amplitude as the leading specular reflection. In pulseecho mode, a very strong reflected creeping wave was observed at the predicted time, i. e., almost 2 J.lS before the expected arrival of the transmitted creeping wave. Interestingly, in pulse-echo mode, the reflected creeping wave from the cracked weep hole is even stronger than the encircling one from the uncracked weep hole in pitch-catch mode. This is because although only approximately 40 % of the creeping wave is backreflected from a large radial crack, the reduced leaky attenuation over the shorter propagation distance more than compensates for the reflection loss.
SENSITIVITY VALIDATION
The detectability of a given weep hole crack is determined by numerous factors such as its size, shape and interface conditions, weep hole diameter and edge quality, surface finish of the skin, etc. The size of the crack is clearly the most important parameter affecting the detectability of any particular flaw. A series of simulated weep hole cracks was prepared no 6rack ~\I~~J'v"- by Electric Discharge Machining (EDM). Both through-wall and comer cuts were made with average depth ranging from 3 mils to 60 mils. The results of the creeping wave inspection are summarized in Figure 6 . Above 20 mils notch depth, the transmission is negligible and the reflection essentially saturates.
For real fatigue cracks, which are naturally closed at their tips, the actual reflection (transmission) at any frequency will be somewhat lower (higher) than one would expect based on the depth of the crack only. We prepared a damaged specimen by accelerated fatigue cycling a riser segment at 5 Hz for 100 minutes (~30,000 cycles) between 3,000 and 5,000 Ibs tensile loads. The fatigue crack was initiated from a small starter hole by an EDM notch. When the fatigue crack was approximately 150 mils long, the EDM notch and the wider root of the crack was removed by drilling the starter hole to the nominal 114" diameter of the weep hole. The resulting fatigue crack was approximately 80 mils long, but could not be seen under a microscope without polishing and chemically etching the surface. Figure 7 shows the detected signals from this weep hole with the partially closed radial fatigue crack at 12 o'clock. Most importantly, the defect is clearly detectable. The creeping wave signals are approximately the same in pitch-catch and pulse-echo modes of operation, which indicates that reflection and transmission coefficients of a real fatigue crack are similar to those of a roughly five times smaller open EDM notch.
CONCLUSIONS
We reported the development of a novel ultrasonic inspection technique that detects radial fatigue cracks on the far side of thin airframe stiffener "weep" holes. A special technique using circumferential creeping waves was adapted to inspect for these cracks. The conventional creeping wave technique experiences a strong specular reflection from the near surface of the hole that masks the creeping wave signal that arrives later in time. order to overcome this difficulty, a split-aperture (two-element) transducer was used that resulted in the specular and creeping wave echoes being approximately equal in magnitude. The two separate transducers allowed us to alternate between pulse-echo and pitch-catch modes of operation with a resulting improvement in detection sensitivity. In the case of 0.25-inch-diameter weep holes, optimum sensitivity was calculated to be around 5 MHz. The detection threshold was found to be approximately 0.003 inches and the signal saturated at crack lengths in excess of 0.020 inches for open EDM notches. Real fatigue cracks produce weaker contrast depending on their interface conditions. According to our results reported elsewhere [5] , the original paint and surface finish had no substantial adverse effects on the technique's sensitivity. Similarly, changing the weep hole diameter or chamfer conditions did not significantly affect the technique's performance.
